Introduction
Resistance random access memory (RRAM) has been extensively studied for its potential applicability to nonvolatile memory devices. Bipolar switching and unipolar switching are the two well-known conventional types of operation for RRAM. Bipolar switching depends on the polarity of the applied voltage, so that the SET (from off-state to on-state) occurs at one voltage polarity, and the RESET (from on-state to off-state) requires the opposite voltage polarity. In contrast, unipolar switching can be changed from one state to the other by controlling the compliance current (CC) in the same polarity voltage sweep [1] .
In this paper, we demonstrate the unipolar RRAM operation controlled by a series resistor and report on the temperature dependence of SET voltage required for transition from off-state to on-state.
Experiments
The RRAM device with an Al/Poly(3,4-ethylenedioxythiophene):Poly(styrene sulfonate) (PEDOT:PSS)/Al was fabricated through the following procedures. 300 nm thick Al was deposited on a SiO 2 /Si substrate. PEDOT:PSS solution was spun on the Al bottom electrode. Then, the films were baked at 100 o C for 20 min. The film thickness was about 70 nm. Finally, the Al top electrode (300 nm) was deposited by thermal evaporation through a shadow mask. The size of the RRAM device was 1 mm 2 . The I-V characteristics were measured on an HP4155A semiconductor parameter analyzer. The write-read-erase cycles were performed using a pulse generator (HP 81104A) and recorded with an oscilloscope (TDS 3014B). All electrical measurements were conducted in ambient condition. Fig. 1(a) shows the unipolar switching characteristic of the RRAM device based on the Al/PEDOT:PSS film/Al. When the compliance current (CC) is set at 5 mA and the voltage is swept from 0 to 3 V, the RRAM switches to the on-state at the SET voltage and the on-state current flows up to CC of 5 mA. By sweeping the voltage from 0 to 1 V after increasing CC to 100 mA, a RESET current (8 mA) higher than the compliance current (5 mA) is observed and the RRAM is switched off at a RESET voltage (0.36 V) which is lower than the SET voltage (1.9 V). Such unipolar switching can be explained with filament formation and rupture caused by Joule heating. The SET process is triggered by the filament created by local Joule heating according to the high current induced by the increasing local electric field [2] [3] . Therefore, as the temperature applied on the RRAM device increases, the thermal energy required to create a filament decreases and the SET voltage is reduced, as shown in Fig. 1(b) . During the RESET process, the filaments that are generated at the on-state are thermally ruptured by the RESET current larger than the compliance current of the on-state [4] [5] .
Results and discussion
To implement the unipolar write-read-erase cycles operation on the RRAM device, the compliance current must be controlled. Accordingly, we have configured a circuit to perform these functions. As shown in Fig. 2 , the compliance current is controlled by modifying the R HCC (about 6 Ω) that induces the high compliance current (HCC) as well as the R LCC (about 160 Ω) that induces the low compliance current (LCC) [6] . By the voltage comparator and the SR latch, LCC is maintained until a read after write, and HCC is maintained until a read after erase. Fig. 3(a) illustrates the unipolar write-read-erase cycles that are the input pulses to the RRAM created by the process. Fig. 3(b) shows the result of write-read-erase cycle tests of the RRAM device using a compliance current controller. During the voltage cycle operation, RRAM is set while a write with LCC is established, and a current up to LCC of 15 mA flows during a read. While an erase with HCC is being established, RRAM is reset, and the current is almost zero during a read. Although there are some current spikes, the cycling result shows a repeatable unipolar memory operation.
Conclusions
We investigated the temperature dependence of SET voltage in the RRAM device and implemented unipolar switching cycle operation. The Joule heating effect is considered to play an important role in explaining the unipolar switching mechanism, and the RRAM device's unipolar switching cycle operation can be obtained by controlling the compliance current. Fig. 3 (a) The schematic view of input pulses for unipolar switching cycles operation. (b) Unipolar switching of the RRAM device during the write-read-erase voltage cycles. The upper and lower curves are the applied voltage and the corresponding current response, respectively. At input voltage cycle, LCC is maintained until a read after a write, and HCC is maintained until a read after an erase.
